Candida albicans is an opportunistic human pathogen that accounts for a large percentage of the nosocomial bloodstream infections acquired annually. It is a multimorphic yeast capable of growing in a variety of forms, ranging from small rounded buds to highly elongated hyphae (44) . The morphogenic switching ability of C. albicans results from a complex interplay of signaling pathways that link external environmental cues to polarized growth in order to promote survival and facilitate dissemination within a host (for recent reviews on C. albicans, see references 8, 11, 17, 37, and 58) . The ability of C. albicans to switch between the various morphologies has been strongly implicated as a virulence determinant, as mutants that are locked in either the hyphal or budding form have been shown to be either less virulent or completely avirulent in models of hematogenously disseminated systemic candidiasis (38, 45, 46) .
The septin family of cytoskeletal filament-forming proteins has recently been investigated for a role in hyphal growth (56) because these proteins function in cellular morphogenesis and cell surface events in other organisms (for reviews on septins, see references 12, 20, 25, 32, 39, and 54) . The septins were first identified in the yeast Saccharomyces cerevisiae, where they localized to the bud neck and were named for their role in the cell division cycle, specifically, cytokinesis and septum formation during budding (1, 10, 21, 22, 27, 28, 33, 39, 40) . The septins are thought to function at the bud neck by forming a scaffold to recruit such effector proteins as cell cycle checkpoint kinases (4, 36, 49) and chitin synthases (16) . The septins may also act as a boundary domain to restrict proteins like actin to the daughter cells (3) . In addition to their role in budding, the septins have also been implicated in other types of morphogenic events in S. cerevisiae, including pheromone-induced morphogenesis (21, 24, 33) and spore formation (15, 18, 53) . Homologues of the S. cerevisiae septins have been found in all eukaryotes examined (with the exception of plants), where they function in cytokinesis but also in other events, such as vesicle trafficking and polarized secretion (6, 29) . Although the number of septins present and their particular function varies with cell type, the septins have been consistently linked to dynamic membrane and morphogenic events in all eukaryotes.
Deletion analysis of the seven septin genes identified in C. albicans showed that four (CDC3, 10, 11, and 12) were important for proper morphogenesis (56) . CDC3 and CDC12 were determined to be essential. Interestingly, C. albicans cells from which CDC10 or CDC11 has been deleted were viable and grew at a normal rate but exhibited heterogeneous defects in morphogenesis. The cdc10⌬ mutant budded in a normal fashion at or below 30°C, but at elevated temperatures, it exhibited partial defects in cytokinesis, giving rise to a nonuniform population with most cells appearing multinucleate, enlarged, and/or elongated to various extents. Similar phenotypes were also observed in cdc11⌬ mutants, which displayed budding defects at any growth temperature. In spite of these defects, the cultures were viable, and cells grew at a normal rate, even at elevated temperatures. Both mutants also formed germ tubes at a normal rate when stimulated with serum or other hyphal inducers. However, the cdc10⌬ and cdc11⌬ mutants exhibited partial defects in hyphal structure, including a greater frequency of curved hyphae, and slight inconsistencies in cell wall deposition compared to the wild type (56) .
To better understand the role of septins in hyphal morphogenesis, the cdc10⌬ and cdc11⌬ septin mutants were examined in this study for defects in processes for which proper hyphal morphogenesis is critical, including invasive growth in agar, escape from phagocytosis by macrophages, and pathogenesis in a mouse model for candidiasis. These studies showed that although the cdc10⌬ and cdc11⌬ septin mutants were capable of hyphal growth both in vitro and in vivo, they were defective for invasive growth and displayed attenuated virulence in the mouse. These results demonstrate that the ability of cells to form hyphae in response to serum does not necessarily indicate that the cells will be virulent in vivo. Proper morphogenesis, mediated in part by septin proteins, is required for full pathogenic ability in C. albicans. Altogether, these studies suggest that to achieve therapeutic effects in vivo, it may be necessary only to alter normal morphogenesis, not block hyphal growth completely.
MATERIALS AND METHODS
Strains and media. The C. albicans strains used in this study, indicated in Table 1 , are derivatives of the his1 Ϫ ura3 Ϫ arg4 Ϫ strain BWP17 (59) . Septin deletion strains were previously constructed by deletion of the open reading frames of the septin genes CDC10, CDC11, and SEP7 (56) utilizing the methods of Wilson et al. (59) . Briefly, deletions were performed through successive transformations with PCR-generated constructs that contained either ARG4 or HIS1 flanked by short regions of homology to the gene of interest (59) . The remaining ura3 auxotrophy was complemented by integration of a functional URA3 gene by homologous integration of NotI-linearized pRS-ARG-URA-BN at the arg4 locus as described previously (14) . Septin-heterozygous strains were also corrected for the his1 auxotrophy at the his1 locus through homologous integration of NruI-linearized pGEM-HIS1 as previously described (14) . Transformation of C. albicans with plasmid DNA was performed by a lithium acetate protocol as previously described (56) .
Yeast strains were routinely propagated on yeast extract-peptone-dextrose medium (YPD) (47) supplemented with 50 mg of uridine/liter. Mutants were selected by growth on standard minimal defined medium (47) lacking the appropriate amino acid, with the exception that uridine was used in place of uracil. Agar-invasive hyphal growth was induced on 4% bovine calf serum containing various concentrations (0.5 to 3%) of bacteriological agar (U S Biological, Swampscott, Mass.) as indicated. Cells propagated overnight at 30°C were diluted to 5 ϫ 10 6 in YPD, and 2 l (10 4 cells) were spotted on the surface of the serum agar and incubated at 37°C for 5 days. Plates were monitored daily for invasive growth.
Macrophage phagocytosis. Macrophage lysis assays were performed utilizing both primary mouse bone marrow macrophages and the mouse macrophage-like cell line J774. Cell lines and media recipes were kindly provided by the laboratory of James Bliska (SUNY Stony Brook). J774 cells were propagated in Dulbecco's modified Eagle medium (DMEM) with 10% fetal bovine serum. Primary mouse bone marrow macrophage cells were propagated in a special medium containing 96 ml of DMEM, 60 ml of L-Sup (supernatant from L929 fibrosarcoma cells), 40 ml of fetal bovine serum, 2 ml of pyruvate, and 2 ml of L-glutamate. For both cell types, macrophages were grown to near confluence, harvested, and set in 24-well dishes on coverslips at 10 5 cells per well. Macrophages were allowed to set down overnight, washed with phosphate-buffered saline (PBS), and then infected with 3 ϫ 10 5 C. albicans cells per well (multiplicity of infection of 3) from PBS-washed overnight cultures resuspended in serum-free media. Yeasts that were not taken up by the macrophages in 40 min were washed off. Samples were fixed in 5% formaldehyde every hour over the course of infection and observed for germ tube formation and macrophage lysis.
Mouse infection studies. For virulence assays, the mouse model of hematogenously disseminated candidiasis infection was employed. Experiments were performed in outbred immunocompetent ICR male mice (Harlan Sprague Dawley, Indianapolis, Ind.) weighing approximately 22 to 25 g. Mice were housed five per cage, and food and water were supplied ad libitum. For infection, one colony from each C. albicans strain was inoculated into 50 ml of YPD. Cultures were grown overnight, washed twice with 50 ml of sterile water, counted by hemocytometry, and resuspended at 10 7 cells per ml in sterile water. Mice were injected via the lateral tail vein with 0.1 ml (10 6 cells), and the course of infection was monitored for up to 18 days. Infected mice were considered moribund when they could no longer reach food or water, and these, along with mice surviving to the end of the experiment, were euthanized by anesthetization followed by cervical dislocation. A total of 25 mice were used for infection for each cdc10⌬ and cdc11⌬ strain, and 15 mice each were used for all other C. albicans strains. All experimental procedures were carried out according to the NIH guidelines for the ethical treatment of animals.
Infected mice were randomly chosen for necropsy in order to assay histology and CFU in the kidney. Kidneys were excised, halved longitudinally, and weighed. One half was homogenized in sterile water, diluted, plated on YPD, and incubated at 30°C for 1 to 2 days to determine CFU per gram of kidney tissue. The other half was fixed in 10% phosphate-buffered formalin, embedded, sectioned with a Ridge microtome (Knoxville, Tenn.), and stained with HT-100A silver stain (Sigma, St. Louis, Mo.) or hematoxylin and eosin (H&E) by standard protocols.
RESULTS
Construction of yeast strains. C. albicans strains were constructed to facilitate the analysis of the role of the CDC10 and CDC11 septin genes in invasive growth (see Table 1 ). Previous studies showed that although cdc10⌬ or cdc11⌬ mutants grew at a normal rate and were not grossly defective for hyphal induction in vitro, they displayed various degrees of defects in morphogenesis (56) . In particular, minor defects in germ tube and hyphal growth were observed in some cells after serum stimulation, including abnormal chitin deposition and curvatures in the germ tube wall. To investigate whether these minor defects would impact the invasive growth necessary for tissue penetration in vivo, and thus the overall virulence of these mutants, prototrophic versions of the cdc10⌬ and cdc11⌬ deletion mutant strains were constructed. A prototrophic version of the sep7⌬ deletion mutant was constructed, since this deletion mutant did not display readily observed defects and could serve as a control for the genetic background of the cdc10⌬ and cdc11⌬ deletion mutant strains. All strains were derived from the triple auxotropically marked strain BWP17 (59) . DAY185, a derivative of BWP17 in which the auxotrophies were corrected by reintroduction of the corresponding wildtype genes, was used as the wild-type control strain for these studies, as it most closely resembles the septin mutants in its genetic background. DAY185 was shown previously to display the same level of virulence in mouse infections as Sc5314, the naturally prototrophic parental strain for BWP17 (14) . Septin mutants are defective in agar penetration. As an initial assessment of hyphal function, mutants were analyzed for invasive growth into solid agar medium containing 4% bovine calf serum. Cells from saturated overnight cultures of wild-type and septin mutant strains were spotted onto the surface of plates containing concentrations of agar ranging from 0.5 to 3% to provide various levels of resistance to fungal penetration. Incubation at 37°C induced hyphal growth in all C. albicans strains on all agar concentrations. By 24 h, obvious defects in hyphal growth and agar penetration were observed for cdc10⌬ and cdc11⌬ strains. Both the wild type and the sep7⌬ mutant, which in previous studies did not exhibit budding or hyphal defects (data not shown and reference 56), showed long branching filaments radiating into the agar from the cells on the surface. In contrast, cdc10⌬, and to a greater extent cdc11⌬, were partially defective in invasive growth.
These mutants displayed significantly shorter and often more tangled hyphal growth on the colony periphery (Fig. 1A) . By 5 days, the invasion defect was easily observed by visual inspection. The invasion defect was greatest for cdc11⌬, which displayed very little hyphal-type growth beyond the border of the original spot colony. When the colonies were washed from the surface of the plate, extensive hyphal penetration deep into the agar was apparent for both the wild-type and sep7⌬ strains. In contrast, cdc10⌬ and cdc11⌬ produced filaments reaching only half as deep into the agar (Fig. 1B) . The difference in capacity to undergo invasive growth was even more easily observed in cross section (Fig. 1C) .
To quantify the defects in agar invasion that were observed, the four strains were grown on different concentrations of agar and the length of invasive growth beyond the colony border was measured microscopically at 48 h postplating (Fig. 1D) . All strains exhibited a reduced invasion depth with increased agar concentration. However, the cdc11⌬ mutant showed the most reduction in agar penetration ability compared to the wild type at all agar concentrations tested. The reduced invasive growth of the septin mutant strains was due to a specific defect in invasiveness, since all mutant strains grew on the agar surface at a rate equivalent to that of the wild type (data not shown).
Septin mutants form hyphae after macrophage engulfment. The septin mutants were analyzed for their ability to produce hyphae in response to phagocytosis. C. albicans cells were added to the macrophage cell line J774 at a three-to-one ratio in serum-free medium. By 30 min, the yeasts had been internalized and were visible as rounded cells within the macrophages (data not shown). By 3.5 h postinfection, the wild-type prototrophic strain DAY185 had grown extensive hyphae which ruptured the macrophages that had contained them (Fig. 2C) . In contrast, the auxotrophic parental strain BWP17 (his1 Ϫ ura3 Ϫ arg4 Ϫ ), which would be predicted to be avirulent (34) and unable to grow within a phagosome due to nutrient deprivation (41) , was unable to produce hyphal growth. The original round yeast cells that were engulfed by the macrophages were readily observed (Fig. 2B) . The prototrophic versions of sep7⌬, cdc10⌬, and cdc11⌬ septin mutants all exhibited hyphal growth of lengths similar to that of the wild type, which resulted in lysis of the macrophages (Fig. 2D, E, and F) . Similar results were observed using primary mouse bone marrow macrophages (data not shown). These results indicate that the septin mutants do not exhibit any obvious defect in hyphal formation under these short-term in vitro conditions. Additionally, the mutants are not defective for responding to environmental cues to form hyphae in response to engulfment by phagocytic cells.
Septin mutants exhibit reduced virulence in mouse model of infection. Prototrophic versions of C. albicans strains carrying either heterozygous or homozygous deletions of septins CDC10, CDC11, and SEP7 (Table 1) were compared with the corresponding wild-type strain DAY185 for pathogenicity following tail vein injection in mice. The sep7⌬ strain displayed a wild-type level of virulence in mice, consistent with the lack of obvious defects in budding or short-term hyphal growth (56) (Fig. 2) , and only a minor reduction in agar invasion ability (Fig. 1) . As can be seen in Fig. 3 , the mouse survival curves for both the sep7/SEP7 heterozygote (YAW41) and sep7⌬ deletion (YAW22) strains closely parallel that of the wild-type strain (DAY185), with median survival times of 6.6, 5.7, and 6 days, respectively. The cdc10 (YAW6) and cdc11 (YAW10) heterozygote reconstituted strains, which were aphenotypic under all condition tested (reference 56 and data not shown), also displayed a similar effectiveness in pathogenesis, with median survival times of 8.4 and 6.8 days, respectively. The cdc10⌬ (YAW7) and cdc11⌬ (YAW11) deletion strains, however, exhibit a marked attenuation in virulence, as the majority of mice infected with either of these strains survived to the end point of the experiment without obvious signs of infection. The reduced virulence of the septin mutants was significantly different (P Ͻ 0.01) from that of the wild type as determined by the MantelHaenszel test (Prism version 3.00 for Windows, GraphPad Software, San Diego, Calif.).
To examine invasive growth in vivo, kidneys were harvested from a subset of mice that were randomly chosen during the course of the infection for analysis. The kidneys tend to be the first organ colonized during systemic infection (42, 44) and are one of the most invasively colonized organs, with the majority of experimental murine deaths resulting from pyelonephritis (2) . Mice infected with the wild-type strain typically carried approximately 10 6 CFU/g of kidney when moribund. Upon termination of the infection study, mice infected with the septin mutants that survived to day 15 exhibited similar CFU/g, with means of 1.36 ϫ 10 6 (Ϯ 0.78 ϫ 10 6 ) for cdc10⌬ and 2.52 ϫ 10 6 (Ϯ 4.39 ϫ 10 6 ) for cdc11⌬. In spite of these fungal loads, however, the mice did not appear obviously ill or moribund. Interestingly, two out of nine mice infected with cdc11⌬ showed less than 10 3 CFU/g, indicating that the infection had likely been cleared.
Septin mutants colonize kidneys but are defective for invasion. In view of the defects in virulence, the septin mutants were examined for ability to grow invasively into kidneys in vivo. Silver staining of kidneys from mice infected with wildtype strain DAY185 revealed extensive hyphal invasion of the renal pelvis at day 5 ( Fig. 4A and D) . The cdc10⌬ strain also exhibited some invasion into the tissue of the papillus, but the hyphal growth appeared more restricted and was not found in deeper structures of the kidney (Fig. 4B and E) . Additionally, fungal masses made up of hyphal cells were evident near the ureter space, indicating a failure to invade yet persistence in growth (Fig. 4E, arrow) . The cdc11⌬ mutant exhibited an even stronger phenotype. Silver staining detected very pronounced fungal masses consisting of hyphal cells in the ureter spaces, and no evidence of invasion into any kidney structures was observed, even at day 15 ( Fig. 4C and F) .
H&E staining of the tissue surrounding the fungal balls indicated heavy infiltration of lymphocytes surrounding the fungal mass (Fig. 5B and C) as well as in the areas of tissue invasion. This indicates that all strains are capable of eliciting an immune response. Thus, although the septin mutants are able to colonize the kidneys and persist without rapid clearance, they are obviously defective in fully penetrating deeper into tissues to establish a more widely disseminated infection.
DISCUSSION
Hyphal growth is thought to be important in C. albicans pathogenesis, in part because hyphae facilitate invasive growth into tissues. Therefore, in this study, the ability of septin mutants to undergo invasive growth in vitro and in vivo was examined. The cdc10⌬ and cdc11⌬ mutants were targeted for analysis of invasive growth because they displayed minor defects in hyphal morphogenesis in liquid culture assays. These septin mutants were not grossly defective for hyphal growth in liquid when appropriately stimulated, and they showed typical induction of hyphal-specific genes such as ALS1 and HWP1 (unpublished results). Similarly, the septin mutants were not defective for hyphal growth when phagocytosed by macrophages (Fig. 2) . However, the cdc10⌬ and cdc11⌬ mutants displayed defects for invasive growth into agar (Fig. 1) . The cdc11⌬ mutant in particular showed very little invasive growth in agar, which correlated with this mutant displaying more defects than the cdc10⌬ mutant in hyphal morphogenesis in liquid culture assays (reference 56 and data not shown).
The ability of the cdc10⌬ and cdc11⌬ mutants to undergo invasive growth in vivo was examined in mouse infection studies. Interestingly, the septin mutants were significantly less virulent than the wild type, with the majority of the mice surviving to day 15, whereas at least 50% of mice infected with the control strains were moribund by day 6 (Fig. 3) . However, the septin mutant strains were not completely avirulent, as the CFU level recovered from the kidneys of mice injected with the septin mutants was similar to that of moribund mice infected with the wild type. This high number of organisms present in the mice infected with the septin mutants was surprising considering the apparent health of these animals, although not unprecedented (5, 31) , and it may relate to differences in invasiveness that will be described below. In contrast, avirulent mutants are typically cleared by the immune system, rapidly resulting in very few or no CFU by day 15. For example, mutants that are strongly defective for normal hyphal growth, such as cdc35⌬ (45) and cla4⌬ (35), show reduced levels or complete clearance of C. albicans from the organs in a matter of days. Although two mice infected with cdc11⌬ did show reduced levels of C. albicans in the kidneys, the majority exhibited high fungal burdens to day 15.
To directly examine the ability of septin mutants to undergo invasive growth in vivo, kidneys were stained and examined. Wild-type cells at day 5 showed extensive invasion into the kidney, with mycelial growth extending throughout the tissue. In contrast, the cdc10⌬ mutant was less invasive and in some areas appeared restricted to a fungal mass with little or no invasion into the surrounding tissue, despite the presence of hyphal cells. The cdc11⌬ mutant appeared to be completely defective for invasion, exhibiting only large masses of hyphal cells within the ureter space. This accumulation of fungal cells in noninvasive masses seems likely to account for the observation that the mice infected with the septin mutants appear healthy in spite of a fungal loads that are typically seen in moribund mice infected with wild-type C. albicans. This phenotype is also interesting in that it appears similar to a pattern of infection termed fungal balls that has been previously described for some human patients, particularly neonates (7, 9, 51) .
The strong invasive defect for the cdc11⌬ mutant in vivo is consistent with the invasive growth defect observed in vitro in agar invasion assays. Interestingly, the septin mutants appeared to show even stronger defects in invasive growth into kidneys than they did in agar invasion. Although this may relate to differences in the difficulty of invading agar versus living tissue, another important difference is that C. albicans is subject to attack by the immune system in vivo. H&E staining revealed heavy infiltration of lymphocytes surrounding the C. albicans fungal masses. A similar observation was made for efg1⌬ mutants wherein inflammatory cells appeared to inhibit penetrative growth of the mutant more strongly than wild-type cells (19) . Thus, the invasive growth defect of the septin mutants may be exacerbated in vivo by attack from leukocytes.
The results of this study indicate that although the septin mutants are not grossly defective in forming hyphae in liquid culture, they are defective for invasive growth in vitro and in vivo. Since septins are thought to act in the organization of other effector proteins, it is interesting that Int1p, a septin binding protein, was also shown to be important for hyphal growth on agar but not in liquid, and int1⌬ mutants displayed reduced virulence in mice (23) . One possibility is that the defect in invasiveness for septin mutants is a direct consequence of their abnormal cell wall construction, as evidenced by a higher degree of curved hyphae and unusual chitin deposition. In agreement with this, hwp1⌬ mutant cells lacking the hyphal-specific cell wall protein Hwp1 displayed hyphal defects on agar but not in liquid culture (55) . Similar to the septin mutants, mice infected with hwp1⌬ mutant cells exhibited high organ CFU with no mortality and clustered groupings of cells in the kidneys with no extensive hyphal penetration (55) . Interestingly, ash1⌬ mutants of C. albicans, which lack a transcription factor present in hyphal tip cells that is needed for filamentous growth under some conditions, displayed reduced virulence and persistence in kidneys (30) . However, ash1⌬ mutants differed from the septin mutants in that their defect was attributed to a slower rate of invasive growth rather than a change in the overall pattern of invasiveness. kex2⌬ mutants also display defects in invasive growth and persist in kidneys during infection (43) . In this case, it appears that kex2⌬ mutants persist in kidneys by avoiding the immune system because of a defect in processing secreted hydrolytic enzymes that are expected to cause tissue damage and thereby recruit lymphocytes. Thus, a variety of different proteins function to influence the ability of C. albicans to undergo invasive growth during infection.
Proper hyphal growth has been proposed to be important for adhesion to host tissues (23, 52) , rigidity to facilitate penetration into tissues (26) , directional growth in response to thigmotropic or chemotropic cues (13, 48, 57) , and for the release of hydrolytic enzymes, such as secreted aspartic proteinases (19, 50) . It is likely that during infection, multiple hyphal functions are acting in concert to allow pathogenesis to succeed. Altogether, these studies suggest that virulence many not rely solely on the ability to switch between hyphal and budding morphologies but rather on the ability to coordinate a variety of responses that culminate in appropriate growth both qualitatively and quantitatively. In vitro assays that are designed only to test the ability of hyphal formation in liquid cultures may be overlooking the subtle defects that could be utilized for therapeutic drug design.
